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Bacillus  anthracis  is  the  causative  agent  of  anthrax,  and  the  spore  form  of  the  bacterium  represents  the 
infectious  particle  introduced  into  a  host.  The  spore  is  surrounded  by  an  exosporium,  a  loose-fitting  membrane 
composed  of  proteins  and  carbohydrates  from  which  hair-like  projections  extend.  These  projections  are 
composed  mainly  of  BclA  (/t«c/7/«.v-collagen-like  protein  of  B.  anthracis).  To  date,  exact  roles  of  the  exosporium 
structure  and  BclA  protein  remain  undetermined.  We  examined  differences  in  spore  binding  of  wild-type  Ames 
and  a  bclA  mutant  of  B.  anthracis  to  bronchial  epithelial  cells  as  well  as  to  the  following  other  epithelial  cells: 

A549,  CHO,  and  Caco-2  cells;  the  IMR-90  fibroblast  line;  and  human  umbilical  vein  vascular  endothelium 
cells.  The  binding  of  wild-type  Ames  spores  to  bronchial  epithelial  cells  appeared  to  be  a  dose-dependent, 
receptor-ligand-mediated  event.  There  were  similar  findings  for  the  bclA  mutant,  with  an  additional  nonspecific 
binding  component  likely  leading  to  significantly  more  adherence  to  all  nonprofessional  phagocytic  cell  types. 

In  contrast,  we  detected  no  difference  in  adherence  and  uptake  of  spores  by  macrophages  for  either  the 
wild-type  Ames  or  the  bclA  mutant  strain.  These  results  suggest  that  one  potential  role  of  the  BclA  fibers  may 
be  to  inhibit  nonspecific  interactions  between  B.  anthracis  spores  with  nonprofessional  phagocytic  cells  and 
thus  direct  the  spores  towards  uptake  by  macrophages  during  initiation  of  infection  in  mammals. 


Bacillus  anthracis,  a  gram-positive,  spore -forming  bacillus,  is 
the  causative  agent  of  anthrax  (11,  25).  The  spore  structure  of 
B.  anthracis  consists  of  overlapping  layers  called  the  core,  cor¬ 
tex,  coat,  and  exosporium  (9).  The  central  interior  of  a  spore, 
known  as  the  core,  houses  the  chromosome.  The  cortex  is  a 
thick  layer  of  peptidoglycan  that  surrounds  the  core  (27), 
which  is  then  further  enveloped  by  the  spore  coat  (1).  The 
outermost  structure  of  the  B.  anthracis  spore  is  a  loose-fitting 
exosporium  (12).  Approximately  20  exosporium-associated 
proteins  and  glycoproteins  have  been  identified  from  analyses 
of  B.  anthracis  and  Bacillus  cereus  spores  (4,  5,  29,  35-39).  The 
exosporium  membrane  projects  hair-like  fibers  (12)  of  which 
the  major  component  is  the  BclA  glycoprotein  (35,  37). 

Fibers  of  the  B.  anthracis  exosporium  were  once  believed  to 
be  important  for  virulence  or  adherence  to  host  cells  (20). 
However,  several  studies  have  demonstrated  that  the  fibers 
and  exosporium  are  not  necessary  for  full  virulence  of  B.  an¬ 
thracis.  Upon  identifying  the  BclA  protein,  Sylvestre  et  al.  (37) 
examined  the  effect  of  a  bclA  mutation  on  the  virulence  of  the 
attenuated  Sterne  strain  of  B.  anthracis.  In  this  first  study, 
when  spores  were  administered  subcutaneously  to  mice,  no 
appreciable  differences  in  virulence  were  observed  between  the 
parental  Sterne  and  bclA  mutant  strains  (37).  We  recently 
showed  that  by  using  a  fully  virulent  strain  of  B.  anthracis,  an 
Ames  bclA  mutant  retains  complete  virulence  in  mouse  and 
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guinea  pig  models  of  anthrax  infection  (3).  Furthermore,  Ames 
mutant  spores  devoid  of  an  exosporium  derived  through  inac¬ 
tivation  of  the  CotE  protein  are  also  as  virulent  as  wild-type 
spores  in  guinea  pigs  and  mice  (13). 

The  exact  role,  if  any,  for  the  B.  anthracis  exosporium  in 
pathogenesis  or  in  the  environment  remains  unknown.  How¬ 
ever,  in  a  previous  study  from  our  laboratories,  while  following 
the  trafficking  of  Ames  and  bclA  mutant  spores  out  of  the  lungs 
of  mice,  we  noticed  that  there  was  a  delayed  clearance  of  bclA 
mutant  spores  (3).  One  potential  and  logical  reason  for  this 
delay  is  that  spores  devoid  of  the  BclA  fibers  simply  bind  better 
to  lung  epithelium.  In  this  study,  we  further  examined  the 
ability  of  bclA  mutant  spores  to  bind  various  cell  lines.  Our 
results  revealed  that  bclA  mutant  spores  adhered  much  better 
to  various  nonprofessional  phagocytic  cell  types  than  did  wild- 
type  Ames  spores.  Binding  of  wild-type  Ames  spores  to  bron¬ 
chial  epithelial  cells  (BEC)  apparently  involved  a  novel,  dose- 
dependent,  receptor-ligand-mediated  event.  Although  there 
also  seemed  to  be  specific  binding  of  the  bclA  mutant  spores  to 
BEC,  there  was  evidently  a  nonspecific  component  mediating 
spore-cell  interactions.  In  contrast,  there  was  no  difference  in 
spore  adherence  or  phagocytosis  between  wild-type  and  bclA 
mutant  spores  by  macrophages. 

MATERIALS  AND  METHODS 

Strains  and  medium.  The  fully  virulent  Ames  wild-type  strain  (23)  and  Ames- 
JAB-12,  a  bclA  mutant  strain  (3),  were  used  for  all  studies.  The  bclA  mutant 
strain  was  obtained  by  allelic  exchange  using  shuttle  vector  pEO-3  (24),  with  the 
bclA  gene  replaced  with  the  flkan-2  resistance  gene  (26).  After  steps  to  integrate 
the  plasmid  into  the  chromosome  (24),  kanamycin  resistance  clones  were  se¬ 
lected  and  several  were  also  sensitive  to  erythromycin  (present  on  pEO-3). 
Analysis  revealed  that  allelic  exchange  occurred  during  this  initial  step  (3).  To 
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obtain  spores,  cultures  were  sporulated  in  Difco  sporulation  medium  (34).  For 
purification,  the  spores  were  washed  with  water  three  times,  centrifuged  through 
a  Hypaque-76  gradient  (Nycomed,  Inc.,  Princeton,  NJ),  and  then  washed  three 
times  again  (4).  Immediately  before  use,  the  spores  were  heat  activated  (65°C  for 
30  min)  and  then  held  on  ice. 

Cell  culture.  The  interaction  between  Ames  or  bclA  mutant  spores  and  eu¬ 
karyotic  cells  was  examined  using  several  cell  lines.  Cells,  seeded  (2.5  X  105 
cells/well)  into  24-well  plates  containing  glass  coverslips,  were  cultured  for  2  to  3 
days  (37°C;  5%  C02),  at  which  time  the  cells  had  formed  confluent  monolayers. 
16HBE14o_  (15),  a  human  BEC  line,  was  grown  in  bronchial  epithelial  growth 
(BEG)  medium  (Cambrex  Corporation,  East  Rutherford,  NJ).  All  other  cells 
used  in  this  study  were  obtained  from  the  American  Type  Culture  Collection 
(Manassas,  VA).  Other  epithelial  lines  included  human  lung  carcinoma  (A549), 
Chinese  hamster  ovary  (CHO),  and  human  colorectal  (Caco-2)  cells.  A549  and 
Caco-2  cells  were  maintained  in  minimum  essential  medium  (Eagle)  and  Earle’s 
balanced  salt  solution  with  nonessential  amino  acids  (EMEM/NEAA)  supple¬ 
mented  with  5%  fetal  bovine  serum  (FBS).  CHO  cells  were  grown  in  EMEM/ 
NEAA  supplemented  with  10%  FBS  and  1%  sodium  pyruvate.  Human  lung 
fibroblasts  (IMR-90)  were  cultured  in  EMEM/NEAA  containing  10%  FBS. 
Murine  macrophage-like  cell  lines  (RAW264.7,  J774A.1,  and  MH-S)  were 
cultured  as  follows:  RAW264.7  cells  in  Dulbecco’s  modified  Eagle’s  medium 
(DMEM)  supplemented  with  high  glucose,  10%  heat-inactivated  FBS,  and 
1%  sodium  pyruvate;  J774A.1  cells  in  DMEM  containing  high  glucose,  10% 
heat-inactivated  FBS,  plus  1.5  g/liter  sodium  bicarbonate;  and  MH-S  cells  in 
RPMI  1650  medium  containing  high  glucose,  5%  heat-inactivated  FBS,  1% 
HEPES,  and  1%  sodium  pyruvate.  Human  umbilical  vein  vascular  endothe¬ 
lium  cells  were  maintained  in  MCDB  105  medium  supplemented  with  10% 
FBS,  3%  endothelial  cell  growth  supplement,  25  mM  HEPES,  and  10  U 
heparin/ml  of  medium. 

Spore  adherence  assays  with  nonprofessional  phagocytic  cells.  Spores  were 
added  to  the  cells  at  indicated  multiplicities  of  infection  (MOIs).  Cells  were 
infected  in  the  appropriate  medium  for  each  cell  type,  except  horse  serum  was 
substituted  for  FBS,  as  needed,  to  delay  spore  germination  (41).  To  promote 
spore  binding,  the  cell-spore  culture  plates  were  centrifuged  (260  X  g  for  10  min, 
4°C)  and  then  incubated  an  additional  60  min  at  37°C  in  5%  C02.  After  incu¬ 
bation,  the  coverslips  were  removed  and  rinsed  aseptically  in  a  series  of  three 
beakers  containing  phosphate-buffered  saline  (PBS).  For  each  experiment,  three 
coverslips  were  examined  for  every  sample  and  experiments  were  performed  in 
triplicate  unless  stated  otherwise.  Adherence  was  measured  by  viable  counts  or 
microscopy.  Viable  counts  were  determined  by  first  lysing  adherent  cells  in 
distilled  water  containing  0.1%  Triton  X-100  and  then  plating  dilutions  of  the 
lysate  in  duplicate  onto  LB  agar  plates.  Adherence  was  also  demonstrated  by 
immunofluorescence  (IFM)  and  light  microscopy.  Samples  were  fixed  in  forma¬ 
lin,  stained  with  immunofluorescent  dyes  (as  described  below)  or  spore  stain 
(malachite  green),  and  then  counterstained  with  a  Wright-Giemsa  stain  (Diff- 
Quik)  (44). 

BEC  intracellular  assays.  To  determine  whether  spores  of  B.  anthracis  could 
be  taken  intracellularly  into  BEC  and,  if  taken  up,  whether  the  number  of  bclA 
mutant  spores  was  increased  versus  the  number  of  Ames  wild-type  spores,  the 
mammalian  cells  were  incubated  with  B.  anthracis  spores  as  described  above. 
After  incubation,  the  wells  were  washed  10  times  in  PBS  to  remove  free  spores 
from  the  cell-associated  ones.  Cells  were  then  incubated  in  medium  containing 
10%  FBS  (to  promote  spore  germination),  5  p-g/ml  of  cytochalasin  D  (to  prevent 
further  phagocytosis),  and  2.5  |JLg/ml  of  gentamicin  (to  kill  residual,  noninternal- 
ized  germinated  spores  in  the  medium).  Viable  counts  were  determined  as 
described  above.  Further  measurement  of  the  intracellular  spore  number  was 
obtained  by  IFM  (7, 41).  Briefly,  coverslips  were  incubated  with  a  rabbit  antibody 
prepared  against  either  irradiated  killed  Ames  or  bclA  mutant  spores  (43). 
Coverslips  were  then  incubated  with  secondary  antibodies  (anti-rabbit  immuno¬ 
globulin  G)  conjugated  with  green  (fluorescein  isothiocyanate)  or  red  (tetra- 
methyl  rhodamine  isocyanate)  fluorescent  tags  and  added  either  before  or  after 
BEC  permeabilization  as  previously  described  (7,  41).  The  stained  coverslips 
were  inverted  onto  glass  slides  with  Vectashield  (Vector  Laboratories,  Burlin¬ 
game,  CA)  mountant,  which  also  contained  the  DAPI  (4',6'-diamidino-2-phe- 
nylindole)  nuclear  stain  in  order  to  identify  BEC. 

Spore  treatment.  For  irradiation,  spores  (approximately  1  X  1010  CFU/ml) 
were  exposed  to  4  X  106  rads  and  killing  was  confirmed  by  plating  aliquots  of  the 
treated  spores  onto  sheep  blood  agar  plates.  The  treated  spores  were  then  used 
as  described  above  to  assay  for  adherence  to  BEC.  Adherence  was  assessed  by 
microscopic  observation  of  the  infected  cells  stained  with  malachite  green  and 
counterstaining  of  the  BEC.  For  enzymatic  digestion,  spores  (approximately  1  X 
1010  CFU/ml)  were  treated  for  30  min  at  37°C  in  PBS  with  10  mg/ml  of  trypsin 
or  papain  (Sigma- Aldrich,  St.  Louis,  MO).  The  activity  of  trypsin  and  papain 


under  these  conditions  was  measured  by  the  EnzChek  protease  assay  kit  (In- 
vitrogen,  Carlsbad,  CA).  After  treatment,  trypsin  was  inactivated  by  Complete 
EDTA-free,  protease  inhibitor  cocktail  tablets  (Roche  Diagnostics  Corporation, 
Indianapolis,  IN)  according  to  the  manufacturer’s  instructions  and  the  spores 
were  then  washed  several  times  in  distilled  water.  Papain  was  inactivated  by 
heating  at  80°C  for  20  min.  Spores  were  examined  after  protease  or  papain 
treatment  by  phase  contrast  microscopy  to  rule  out  any  germination  or  clumping 
effects. 

Competitive  binding  assay.  Irradiated  spores  of  either  the  Ames  wild  type  or 
bclA  mutant  were  first  added  to  cytochalasin  D-treated  BEC  at  an  MOI  of 
approximately  0,  20,  100,  or  500  spores  for  one  cell,  followed  by  a  brief  centrif¬ 
ugation  as  described  above.  To  further  enable  binding,  the  cells  were  then 
incubated  for  30  min  at  37°C  with  5%  C02.  Live  Ames  or  bclA  spores  were  then 
added  at  an  MOI  of  approximately  20  to  40  for  one  cell,  and  then  the  spore- 
plus-cell  mixture  was  centrifuged  and  incubated  for  an  additional  30  min  at  37°C 
with  5%  C02.  The  coverslips  were  then  washed,  and  the  BEC  were  lysed  to 
determine  CFU  counts  of  the  adherent  viable  spores.  Additional  studies  for 
competitively  inhibiting  spore  binding  were  carried  out  with  both  live  and  irra¬ 
diated  spores  added  simultaneously  to  BEC. 

Electrophoretic  analysis.  Extracts  from  B.  anthracis  spores  were  prepared  as 
previously  described  (13),  except  the  spores  were  heated  at  70°C  instead  of 
100°C.  The  extracts  were  then  analyzed  by  sodium  dodecyl  sulfate-polyacryl¬ 
amide  gel  electrophoresis  using  12%  Bis-Tris  Gel  NuPAGE  mini-gels  (Invitro- 
gen)  (22).  After  electrophoresis,  the  gels  were  stained  with  GelCode  Blue 
(Pierce,  Rockford,  IL)  for  total  protein  or  reacted  with  the  GelCode  glycoprotein 
stain  (Pierce)  to  detect  glycoproteins  or  the  separated  proteins  were  transferred 
to  polyvinylidene  difluoride  membranes  for  immunoblot  analysis.  To  detect  the 
BclA  protein  along  with  other  spore  antigens  by  immunoblot  analysis,  whole- 
spore  polyclonal  antibody  (43)  was  used  as  the  primary  antibody  at  a  dilution  of 
1:5,000.  The  blots  were  then  reacted  with  goat  anti-rabbit  immunoglobulin  G 
conjugated  with  horseradish  peroxidase  as  the  detecting  antibody  (Pierce)  and 
4-chloronaphthol/3,3'-diaminodbenzidine  (Pierce)  for  colorimetric  detection  of 
horseradish  peroxidase  with  imidazole/cobalt  chloride  enhancement. 

EM.  Standard  methods  for  both  transmission  electron  microscopy  (TEM)  and 
scanning  electron  microscopy  (SEM)  were  employed.  For  the  EM  studies,  BEC 
were  infected  with  either  Ames  spores  (an  MOI  of  38  for  one  cell)  or  bclA 
mutant  spores  (an  MOI  of  44  for  one  cell)  and  incubated  as  described  above.  The 
samples  were  then  washed  and  either  fixed  or  added  to  fresh  medium  and  then 
fixed  following  an  additional  incubation  period.  The  glass  coverslips  containing 
BEC  with  attached  spores  were  fixed  with  1%  glutaraldehyde  and  4%  formal¬ 
dehyde  in  Mallonig’s  buffer  for  several  days  at  4°C.  Postfixation  was  performed 
for  1  h  at  room  temperature  in  Mallonig’s  buffer  containing  1%  osmium  tetrox- 
ide  and  then  30  min  in  2.5%  uranyl  acetate.  Cells  were  additionally  processed 
through  a  series  of  ethanol  rinses.  For  SEM,  the  samples  were  processed  through 
hexamethyldisilizane  rinses,  mounted  onto  stubs,  sputter  coated,  and  then  ex¬ 
amined  with  a  SEM  Hitachi  S-3400.  For  TEM,  the  samples  were  embedded  into 
Spurr’s  embedding  medium  overnight  at  room  temperature.  Cells  were  removed 
by  incubation  in  hydrofluoric  acid  to  dissolve  the  glass  coverslips,  and  the  sam¬ 
ples  were  then  sectioned  into  90-nm  sections.  These  sections  were  counterstained 
with  uranyl  acetate  and  Reynold’s  lead  citrate  (30).  The  sections  were  examined 
using  a  Jeol  1230  transmission  electron  microscope. 

Macrophage  assays  for  spore  phagocytosis  and  adherence.  The  macrophage¬ 
like  cell  line  RAW264.7,  cultured  on  coverslips  contained  in  24-well  plates,  was 
used  for  in  vitro  phagocytosis  and  intracellular  spore  viability  assays  as  described 
previously  (41,  42).  Spores  were  added  at  the  indicated  MOI  concentration.  To 
promote  spore  binding  and  phagocytosis  by  the  macrophages,  cell-spore  culture 
trays  were  centrifuged  (260  X  g  for  30  min)  and  then  incubated  an  additional  30 
min  at  37°C  under  5%  C02.  After  incubation,  the  wells  were  washed  10  times  in 
PBS  to  remove  free  spores  and  then  incubated  in  DMEM  with  horse  serum 
(10%),  cytochalasin  D  (5  (xg/ml),  and  gentamicin  (2.5  (xg/ml).  The  wells  were 
washed  five  more  times  with  PBS,  and  the  coverslips  were  then  removed  and 
washed  aseptically  in  a  series  of  three  beakers  containing  PBS.  Phagocytosis  and 
viability  were  assayed  bacteriologically  by  viable  count  determinations  and  light 
microscopy  as  well  as  IFM  (7,  41,  42).  For  macrophage  adherence  assays,  spores 
were  added  to  macrophages  pretreated  with  cytochalasin  D  and  then  tested  as 
described  above. 

Statistics.  Upon  comparing  the  association  between  the  wild-type  and  mu¬ 
tant  spores  to  macrophages,  statistical  significance  ( P  <  0.05)  was  determined 
by  the  two-tailed  Student  t  test  using  GraphPad  Prism  software  (GraphPad, 
San  Diego,  CA). 
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FIG.  1.  Association  of  spores  to  BEC.  (A)  BEC  were  incubated  with 
either  Ames  wild-type  (MOI  of  32  to  50  spores  for  one  BEC)  or  bclA 
mutant  spores  (MOI  of  21  to  47  spores  for  one  BEC)  for  1  h.  Following 
this  incubation,  the  cells  were  washed  and  lysed  and  the  bacteria  were 
plated  upon  LB  agar  plates.  The  percent  recovery  of  spores  was  deter¬ 
mined  by  dividing  the  number  of  CFU  counts  from  the  lysed  cells  by  the 
number  of  spores  added.  The  difference  between  spore  types  associated 
with  the  BEC  was  significant  ( P  =  0.0005).  Error  bars  represent  the 
standard  errors  of  the  means  from  three  independent  experiments.  (B  and 
C)  Micrographs  of  spores  associated  with  BEC.  Samples  were  stained 
with  spore  stain  (malachite  green)  and  counterstained  with  a  Wright- 
Giemsa  stain.  (B)  Ames  spores  (indicated  by  white  arrows)  with  BEC. 
(C)  bclA  mutant  spores  with  BEC. 


RESULTS 

Interaction  of  spores  with  BEC.  The  binding  of  parental 
Ames  strain  and  bclA  mutant  spores  to  cultured  BEC  was 
initially  measured  by  determining  the  number  of  recovered 
CFU  after  a  1-h  incubation  of  spores  with  BEC.  As  shown  in 
Fig.  1A,  16%  of  the  bclA  mutant  spores  were  recovered  from 
BEC,  in  contrast  to  only  2%  recovery  of  Ames  wild-type 
spores.  Control  assays  were  also  performed  with  spores  incu¬ 
bated  in  either  conditioned  or  nonconditioned  BEG  medium 
in  the  absence  of  BEC.  The  spores  did  not  form  aggregates  in 


either  medium  (data  not  shown).  In  addition,  binding  assays 
were  performed  in  the  same  media,  where  the  spores  were 
added  to  coverslips  without  BEC,  briefly  centrifuged,  and  in¬ 
cubated  for  1  h.  Following  the  standard  washing  procedures 
under  these  conditions,  we  did  not  observe  (by  phase  contrast 
microscopy)  any  aggregates  of  either  the  wild-type  Ames  or 
bclA  mutant  spores  binding  to  the  coverslips  (data  not  shown). 

To  further  verify  this  significant  difference,  BEC  infected 
with  spores  were  stained  with  malachite  green  and  counter- 
stained  with  Wright-Giemsa  (Fig.  IB  and  C).  This  increased 
binding  was  more  closely  examined  by  SEM  and  TEM  analysis 
(Fig.  2).  Very  few  Ames  wild-type  spores  were  found  associ¬ 
ated  with  the  BEC  (Fig.  2A),  a  striking  contrast  to  the  inter¬ 
action  observed  with  bclA  mutant  spores  when  incubated  with 
BEC  (Fig.  2B  to  D).  Most  of  the  epithelial  cells  were  sur¬ 
rounded  by,  and  in  association  with,  the  mutant  spores.  As 
shown  in  Fig.  2C  and  D,  filopodia  were  observed  projecting 
from  the  BEC  and  making  contact  with  the  spores. 

We  tested  the  effect  of  BEC  age  on  the  level  of  spore 
binding  by  plating  approximately  2.5  X  105  cells  and  growing 
them  to  confluence  in  approximately  5  days  versus  that  of 
plating  at  5  X  105  cells/ml  and  incubating  them  overnight 
before  adding  spores.  For  the  confluent  BEC  obtained  by  ei¬ 
ther  method,  we  still  witnessed  increased  binding  of  the  bclA 
mutant  versus  wild-type  spores  (data  not  shown). 

Modification  of  spores  and  interaction  with  BEC.  To  deter¬ 
mine  whether  the  increased  adherence  we  observed  with  bclA 
mutant  spores  was  due  to  some  product  expressed  by  the  spore 
while  interacting  with  the  BEC,  both  wild-type  and  bclA  mu¬ 
tant  spores  were  lethally  irradiated.  When  using  viable  and 
irradiated  spores,  there  was  no  difference  in  binding  to  BEC  as 
per  microscopy  (data  not  shown).  These  results  indicated  that 
the  increased  adherence  of  bclA  mutant  spores  to  BEC  was  not 
due  to  the  expression  of  germination-linked  factors  by  the 
spores  during  this  interaction. 

To  determine  whether  altering  exposed  surface  proteins 
on  spores  of  the  wild  type  or  bclA  mutant  affected  binding  to 
BEC,  spores  were  treated  with  trypsin.  After  this  treatment, 
the  spores  were  incubated  with  BEC  for  adherence  assays. 
Trypsin  treatment  of  the  spores  did  not  affect  bclA  spore  bind¬ 
ing  to  BEC  (data  not  shown).  However,  trypsin  treatment  of 
wild-type  Ames  spores  led  to  a  significant  increase  in  binding 
to  BEC,  as  demonstrated  by  viable  counts  (Fig.  3)  and  micro¬ 
scopy  (data  not  shown).  Similar  results  were  also  observed 
when  pretreating  Ames  spores  with  papain  (data  not  shown). 
The  increased  adherence  was  unrelated  to  changes  in  the 
amount  or  presence  of  outer  spore  proteins.  This  was  deter¬ 
mined  by  TEM  or  trypsin  treatment,  followed  by  glycoprotein 
staining  or  Western  blot  analysis  using  serum  against  nonger- 
minated  Ames  spores  (43)  (data  not  shown).  Therefore,  at  this 
time  we  are  uncertain  of  what  specific  effect  trypsin  or  papain 
had  on  the  spores  that  led  to  increased  adherence  to  BEC. 
Perhaps  the  enzyme  partially  cleaved  the  BclA  fibers  or  some 
other  protein  within  the  exosporium,  thus  resulting  in  digestion 
products  undetectable  by  our  analytical  methods. 

Saturation  and  competitive  binding  studies.  To  determine 
whether  spore  binding  to  BEC  could  be  saturated,  cytochalasin 
D-treated  BEC  were  incubated  with  spores  at  increasing 
MOIs.  As  shown  in  Fig.  4,  the  CFU  recovered  with  Ames 
spores  failed  to  increase  at  higher  MOI  levels.  These  results 
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FIG.  2.  SEM  and  TEM  micrographs  of  the  interaction  between  B. 
anthracis  spores  and  BEC.  (A)  Adherence  of  Ames  spores  to  BEC  2  h 
postinfection.  (B)  Adherence  of  bclA  mutant  spores  to  BEC  2  h  postin¬ 
fection.  (C)  bclA  mutant  spores  incubated  with  BEC.  (D)  Close-up 
view  from  boxed  area  of  panel  C. 


indicate  that  cell  binding  sites  for  Ames  spores  are  fully  occu¬ 
pied  on  BEC.  Additional  studies  were  also  performed  where 
the  MOI  level  of  Ames  spores  to  BEC  was  increased  from  150 
to  300  for  one  cell.  The  recovered  CFU  again  did  not  increase 
further,  and  such  data  suggest  a  saturable  level  of  Ames  spores 
binding  to  BEC  (data  not  shown).  If  the  binding  sites  on  BEC 
are  present  at  low  levels,  this  may  be  responsible  for  the  rela¬ 
tively  low  recovery  of  adherent  Ames  spores. 

In  contrast,  the  number  of  CFU  recovered  with  the  bclA 
mutant  spores  continued  to  increase  with  larger  MOIs  (Fig.  4). 
Saturation  of  the  BEC  surface  was  never  reached  in  our  ex- 


FIG.  3.  Interaction  of  BEC  with  Ames  spores  treated  with  trypsin. 
Cytochalasin  D-treated  BEC  were  incubated  with  either  untreated 
Ames  spores  or  trypsin-treated  spores  for  1  h  at  an  MOI  of  23  to  26 
spores  for  one  BEC.  Following  this  incubation,  the  cells  were  washed 
and  lysed  and  the  bacteria  were  plated  upon  LB  agar  plates.  The 
percent  recovery  of  spores  was  determined,  and  the  difference  in  the 
number  of  spores  (with  or  without  trypsin  treatment)  associated  with 
the  BEC  was  significant  (P  =  0.0003).  Error  bars  represent  the  stan¬ 
dard  errors  of  the  means  from  triplicate  independent  experiments. 


periments.  These  results  suggest  two  possibilities.  The  first  is 
that  there  are  numerous  binding  sites  for  bclA  mutant  spores 
on  the  BEC,  and  they  may  not  be  saturated  at  the  spore  levels 
used  for  our  experiments.  The  second  is  that  bclA  mutant 
spores  may  bind  nonspecifically  to  BEC. 

To  determine  whether  spore  binding  to  the  BEC  involved  a 
specific  receptor(s)-ligand(s)  interaction,  cytochalasin  D-treated 
BEC  were  first  exposed  to  varying  MOIs  (approximately  0,  20, 
100,  and  500  spores  for  one  BEC)  of  either  irradiated  Ames 
wild-type  or  bclA  mutant  spores  for  30  min.  Next,  live  spores  of 
the  corresponding  strain  at  a  constant  MOI  were  then  allowed  to 
adhere  for  30  min.  The  coverslips  containing  the  BEC  and  spores 
were  washed,  and  CFU  counts  representing  the  live  spores  were 
determined.  From  this  assay  and  as  suggested  by  our  previous 
experiments,  the  live  Ames  spores  bound  to  the  BEC  preincu¬ 
bated  with  the  irradiated  Ames  spores  at  levels  lower  than  that 
observed  with  the  bclA  mutant  (Table  1).  In  addition,  the  binding 
observed  with  the  Ames  spores  was  more  competitively  inhibited 
in  a  dose-dependent  manner  as  increasing  levels  of  the  irradiated 
Ames  spores  blocked  binding  of  live  spores  (Table  1).  These 
results  indicated,  as  also  suggested  in  Fig.  4,  that  Ames  wild-type 
spores  bound  to  BEC  via  a  specific  receptor(s)  present  on  these 
cells. 


FIG.  4.  Saturation  of  the  BEC  binding  sites  for  B.  anthracis  spores. 
Cytochalasin  D-treated  BEC  were  incubated  with  increasing  MOI 
concentrations  of  either  Ames  wild-type  or  bclA  mutant  spores,  and 
the  numbers  of  adherent  spores  were  determined  by  CFU  counts. 
Error  bars  represent  standard  errors  of  the  means  from  the  CFU 
counts.  Shown  are  representative  results  from  an  experiment  per¬ 
formed  in  triplicate. 
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TABLE  1.  Competitive  binding  of  irradiated  killed  and  viable 
Ames  or  bclA  mutant  spores  to  BEC* 


Spores  added 
to  BEC 

MOI  of 

irradiated  spores 

CFU 

recovered6 

SE 

%  Viable  spores 
binding  to  BEC 

Ames 

0 

1.7  X  105 

8.4  x  103 

Ames 

20 

1.4  X  105 

9.1  X  103 

84.8 

Ames 

100 

9.0  X  104 

7.3  x  103 

54.7 

Ames 

500 

2.9  X  104 

4.1  x  103 

17.7 

bclA 

0 

5.3  X  106 

6.4  X  105 

bclA 

20 

4.4  X  10s 

4.5  x  105 

83.0 

bclA 

100 

4.2  X  10s 

3.5  x  10s 

78.6 

bclA 

500 

1.6  x  106 

1.6  x  105 

28.4 

a  Irradiated  spores  (Ames  or  bclA  mutant)  at  increasing  MOI  (0  to  500)  were 
added  to  cytochalasin  D-treated  BEC  and  allowed  to  adhere. 

b  Following  incubation  with  irradiated  spores,  viable  spores  (homologous 
strain)  were  then  added  to  the  BEC  and  allowed  to  interact  with  the  cells.  The 
calculated  MOI  for  Ames  spores  was  38  for  1  cell  and  23  for  1  cell  for  bclA 
mutant  spores.  Adherent  viable  spores  were  determined  by  CFU  counts. 

c  The  percentage  of  viable  Ames  or  bclA  mutant  spores  binding  to  the  BEC  in 
the  presence  of  increasing  competitor  was  determined  by  dividing  the  CFU 
recovered  with  the  addition  of  irradiated  spores  by  the  CFU  determined  with  no 
added  spores.  A  representative  experiment  is  shown  from  triplicate  independent 
assays. 


The  competitive  binding  experiments  were  repeated  by  si¬ 
multaneously  adding  the  irradiated  killed  and  live  spores  to  the 
BEC.  We  still  observed  an  inhibition  effect  with  the  Ames 
spores,  though  it  was  not  as  dramatic.  For  this  experiment,  an 
MOI  of  30  live  spores  for  one  BEC  was  added  with  either  no 
competitor  or  competitor  added  at  an  MOI  of  20,  100,  or  500 
irradiated  spores  for  one  BEC.  We  recovered  the  live  spores  at 
a  level  of  88%  with  an  MOI  of  20  irradiated  spores  compared 
to  the  recovery  level  (100%)  with  no  competitor.  When  in¬ 
creasing  the  MOI  of  irradiated  spores  to  100  for  one  BEC,  the 
recovery  of  live  spores  decreased  to  76%.  With  the  addition  of 
500  irradiated  spores  for  one  BEC,  only  61%  of  the  live  spores 
were  recovered.  These  results  are  from  a  representative  exper¬ 
iment. 

When  we  added  live  bclA  mutant  spores  to  BEC  preincu¬ 
bated  with  varying  levels  of  irradiated  bclA  spores,  there  was 
also  competition  for  adherence  observed  but  it  was  not  as 
dramatic  as  that  for  wild- type  Ames  spores  (Table  1).  How¬ 
ever,  these  results  do  suggest  that  binding  of  the  bclA  mutant 
spores  to  BEC  also  involves  a  specific  component  but  the 
dynamics  of  the  spore-host  interaction  differ  from  that  of  wild- 
type  Ames  spores.  In  our  assay,  there  were  approximately 
30-fold  more  bclA  mutant  spores  binding  to  BEC  and,  thus,  the 
competitor  may  not  have  been  as  effective  as  it  was  in  the  Ames 
spore-based  experiments.  In  any  event,  adherence  of  the  bclA 
mutant  spores  to  BEC  may  consist  of  both  specific  and  non¬ 
specific  binding  mechanisms. 

Uptake  of  spores  by  BEC.  As  the  association  of  bclA  mutant 
spores  with  the  BEC  was  significantly  higher  than  that  for 
Ames  spores,  we  next  tested  to  see  whether  any  of  these  spores 
were  internalized  by  the  BEC.  To  demonstrate  uptake,  we 
performed  gentamicin  protection  assays  with  BEC  that  were 
incubated  with  either  the  Ames  or  bclA  mutant  spores  for  1  h. 
After  this  incubation,  the  cells  were  incubated  in  medium  con¬ 
taining  FBS  and  gentamicin  for  an  additional  hour.  As  shown 
in  Fig.  5,  we  observed  low  recovery  levels  (0.025%)  of  Ames 
spores  that  were  not  killed  by  the  antibiotic  and  presumably 
taken  up  by  the  BEC.  In  comparison,  the  recovery  level  of  the 


bclA  mutant  (2.4%)  incubated  with  BEC  was  significantly 
higher  (approximately  100  times)  than  that  with  Ames  spores 
(Fig.  5).  One  possibility  for  this  difference  between  strains 
could  be  that  the  bclA  spores  were  slower  to  germinate  than 
Ames  and  were  therefore  less  susceptible  to  antibiotic  killing. 
However,  we  previously  demonstrated  that  spores  of  the  bclA 
mutant  were  no  different  than  Ames  in  germination  ability  (3). 
Control  assays  were  performed  with  the  spores  in  BEG  me¬ 
dium  alone  for  1  h.  For  spores  of  either  the  Ames  wild  type  or 
bclA  mutant,  little  germination  (<5%)  was  detected  when  they 
were  incubated  in  the  BEG  medium  as  determined  by  heat 
sensitivity  (data  not  shown).  When  the  Ames  and  bcL 4  mutant 
spores  were  next  exposed  to  BEG  medium  with  10%  FBS  for 
1  h,  germination  was  measured  by  heat  sensitivity  and  the 
levels  of  germination  were  more  than  95%  for  both  strains. 
Gentamicin  resistance  of  the  two  cultures  in  the  control  exper¬ 
iment  was  measured  at  4%  for  the  wild  type  and  0.9%  for  the 
bclA  mutant.  These  results  indicated  that  increased  recovery  of 
the  bclA  mutant  after  incubation  with  BEC  was  due  to  spores 
located  within  the  BEC  and  not  delayed  germination  or  dif¬ 
ferences  in  gentamicin  sensitivity. 

Intracellular  location  of  the  bclA  mutant  spores  was  further 
demonstrated  by  IFM.  The  number  of  spores  adherent  to, 
versus  located  within,  BEC  was  distinguished  by  double-label 
fluorescent  immunostaining.  By  using  this  assay,  we  deter¬ 
mined  that  7.0%  ±  2.4%  of  the  BEC  contained  intracellular 
bclA  mutant  spores  versus  only  0.2%  ±  0.13%  of  the  BEC  that 
contained  Ames  wild-type  spores  ( P  =  0.04)  from  three  sepa¬ 
rate  samples. 

Interaction  with  other  epithelial  cells.  To  determine  whether 
increased  binding  of  bclA  mutant  spores  was  unique  to  BEC, 
adherence  to  other  epithelial  cells  was  characterized.  We 
tested  spore  adherence  to  the  A549  cells,  a  type  II  pneumocyte 
from  humans.  As  seen  with  BEC,  spores  of  the  bclA  mutant 
adhered  at  a  significantly  higher  rate  than  did  the  wild-type 
Ames  spores  (Table  2).  Likewise,  this  increased  adherence  was 
also  observed  with  CHO  and  Caco-2  cells.  These  differences 
were  further  confirmed  by  staining  coverslips  with  malachite 
green  and  counterstaining  with  Wright-Giemsa  (data  not 
shown).  Thus,  for  all  epithelial  cells  tested,  there  was  an  in¬ 
creased  adherence  of  the  mutant  versus  Ames  wild-type 
spores. 
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FIG.  5.  B.  anthracis  spores  within  BEC  were  recovered  by  genta¬ 
micin  protection  assays.  BEC  were  incubated  with  either  Ames  wild- 
type  or  bclA  mutant  spores  for  1  h  at  an  MOI  of  33  to  39  spores  for  one 
BEC.  Following  this  incubation,  the  medium  was  replaced  with  that 
containing  10%  FBS,  5  p,g/ml  of  cytochalasin  D,  and  2.5  p,g/ml  of 
gentamicin.  Cells  were  then  lysed,  the  bacteria  were  plated,  and  the 
percent  recovery  of  the  intracellular  spores  was  determined.  A  differ¬ 
ence  of  spore  numbers  within  the  BEC  was  significant  between  strains 
(P  =  0.0004).  Error  bars  represent  standard  errors  of  the  means  from 
three  independent  experiments. 
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TABLE  2.  Association  of  spores  to  nonprofessional  phagocytes0 


Cell  type 

%  Recovery 
for  Ames 

SE 

%  Recovery 
for  bclA 

SE 

P 

3.0x1 0s- 

A549 

0.3 

0.08 

9.02 

0.04 

0.0001 

®  2.0x10s- 

CHO 

2.5 

0.81 

31.6 

9.40 

0.04 

tf) 

Caco-2 

0.3 

0.04 

18.4 

3.70 

0.01 

1.0x10s- 

IMR-90 

0.5 

0.43 

21.5 

0.60 

0.001 

HUVEC 

0.01 

0.01 

0.14 

0.04 

0.04 

0  - 

a  Cells  were  incubated  with  either  Ames  wild-type  or  bclA  mutant  spores  for 
1  h.  The  range  of  calculated  MOI  levels  was  40  to  46  spores  for  one  A549  cell; 
40  to  66  spores  for  one  CHO  cell;  32  to  38  spores  for  one  CaCo-2  cell;  24  to  46 
spores  for  one  IMR-90  cell;  and  28  to  30  spores  for  one  HUVEC  cell.  Following 
incubation,  the  cells  were  washed  and  lysed  and  the  bacteria  were  plated  on  LB 
agar  plates.  The  percent  recovery  of  spores  was  determined  by  dividing  the 
number  of  CFU  counts  from  lysed  cells  by  the  number  of  spores  added.  SE 
values  are  from  triplicate  independent  experiments. 

Interaction  with  fibroblasts  and  endothelial  cells.  The 

IMR-90  cell  line,  a  human  lung  fibroblast,  was  tested  for  spore 
adherence.  Again  there  was  significantly  increased  adherence 
with  bclA  mutant  spores  compared  to  that  with  Ames  wild-type 
spores  (Table  2).  Similar  differences  were  also  observed  with 
human  umbilical  vein  vascular  endothelium  cells.  The  bclA 
mutant  spores  again  adhered  significantly  better  than  the  pa¬ 
rental  wild-type  Ames  spores. 

Adherence  of  bclA  mutant  spores  to  macrophages.  Phagocy¬ 
tosis  by  RAW264.7  macrophage -like  cells  of  bclA  mutant 
spores  relative  to  Ames  wild-type  spores  was  the  same.  Spore 
uptake  was  measured  by  CFU  and  microscopic  counts  of  flu¬ 
orescent  spores  or  those  stained  with  malachite  green  (Fig.  6). 
In  order  to  differentiate  between  spore  adherence  in  the 
RAW264.7  cells  versus  phagocytosis  of  spores,  RAW264.7 
cells  were  treated  with  cytochalasin  D  (6).  As  shown  in  Table 
3,  no  significant  difference  was  detected  with  both  wild-type 
and  bclA  mutant  spores  adherent  to  RAW264.7  macrophage¬ 
like  cells  treated  with  cytochalasin  D. 

We  then  compared  the  binding  to  other  macrophage -like 
cell  lines,  J774A.1  and  MH-S,  which  were  treated  similarly  to 
RAW264.7  (Table  3).  As  observed  with  RAW264.7,  J774A.1 
and  MH-S  cells  demonstrated  no  significant  difference  in  spore 
binding  between  the  wild-type  and  mutant  spores. 

DISCUSSION 

In  a  previous  study,  it  was  demonstrated  that  the  Ames 
strain  bclA  mutant  of  B.  anthracis  remained  fully  virulent  when 
assessed  by  various  models  of  anthrax  infection  (3).  However, 
bclA  mutant  spores  appeared  to  be  slightly  slower  in  trafficking 
from  the  lungs  of  mice  that  had  been  exposed  to  aerosolized 
spores  (3).  Potentially,  the  delay  in  bclA  spores  could  be  due  to 
the  mutant  spores  adhering  better  to  the  lining  of  the  lung.  To 
test  this  possibility,  we  compared  the  binding  of  wild-type  and 
bclA  mutant  spores  to  BEC  by  in  vitro  assays  and  microscopy 
(Fig.  1  and  2).  The  binding  of  Ames  wild-type  spores  to  BEC 
was  measured  at  a  relatively  low  level.  In  contrast,  bclA  mutant 
spores  exhibited  a  much  higher  degree  of  binding  to  BEC. 
With  increased  binding  to  BEC,  we  also  observed  a  greater 
level  of  intracellular  bclA  mutant  spores  (Fig.  5).  The  role  in 
pathogenesis,  if  any,  of  the  spores  being  able  to  intracellularly 
enter  the  BEC  remains  undetermined.  Currently,  we  are  ex¬ 
amining  the  fate  of  these  intracellular  bclA  mutant  spores 
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FIG.  6.  Effect  of  the  bclA  mutation  on  uptake  of  spores  by  macro¬ 
phages.  RAW264.7  cells  were  infected  with  spores  at  an  MOI  of  1  to 
3  for  one  cell.  (A)  Data  depict  viable  counts.  The  error  bars  represent 
standard  errors  of  the  means.  (B)  Microscopic  counts  of  fiuorescently 
labeled  samples.  (C)  Microscopic  counts  of  samples  stained  with  the 
malachite  green  spore  stain.  The  phagocytic  index  is  the  mean  number 
of  spores  phagocytosed  per  macrophage  multiplied  by  100.  Similar 
results  were  obtained  in  at  least  two  additional  experiments. 


within  BEC.  The  increased  binding  of  the  bclA  mutant  spores 
was  not  unique  to  BEC  since  increased  adherence  was  ob¬ 
served  for  all  nonprofessional  phagocytic  cell  types  examined 
(Table  2).  It  is  possible  that  entry  of  the  B.  anthracis  spores  into 
nonprofessional  phagocytes  may  represent  a  bacterial  survival 
tactic  that  perpetuates  disease  from  within  an  infected  host  and 
a  relatively  nondestructive  reservoir. 

While  the  increased  binding  of  bclA  mutant  spores  to  BEC 
could  be  due  to  specific  ligand-receptor  interactions,  the  treat¬ 
ment  of  spores  with  trypsin  or  papain  did  not  affect  binding, 
thus  decreasing  the  possibility  of  a  protein  adhesin  that  is 


TABLE  3.  Adherence  of  spores  to  macrophages8 


Macrophage 
cell  line 

%  Recovery 
for  Ames 

SE 

%  Recovery 
for  bclA 

SE 

P 

RAW264.7 

16.8 

7.50 

6.30 

3.50 

0.27 

J774A.1 

8.0 

0.20 

11.50 

2.90 

0.35 

MH-S 

2.0 

0.35 

6.60 

1.00 

0.05 

a  Macrophage-like  cells  were  pretreated  with  cytochalasin  D  to  prevent  phago¬ 
cytosis,  and  spores  were  then  incubated  with  the  cells  for  1  h  at  an  MOI  of  five 
to  eight  spores  for  one  cell.  The  percent  recovery  of  spores  was  determined  by 
dividing  the  number  of  CFU  counts  from  the  lysed  cells  by  the  number  of  spores 
added.  The  difference  in  spore  binding  to  macrophages  was  not  significant 
between  strains.  SE  values  are  representative  of  three  independent  experiments. 
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sensitive  to  digestion  and  exposed  on  the  exosporium  devoid  of 
the  BclA  protein.  Binding  studies  with  bclA  mutant  spores  and 
BEC  also  revealed  that  spore  adherence  was  not  readily  satu¬ 
rated  with  increasing  concentrations  of  spores  (Fig.  4).  How¬ 
ever,  when  performing  competition  studies  with  lethally  irra¬ 
diated  spores  of  the  bclA  mutant  spores,  binding  could  be 
partially  blocked  with  a  very  high  dose  (Table  1).  These  results 
demonstrated  that  increased  binding  of  the  bclA  mutant  spores 
to  BEC  occurred  partially  through  a  specific,  presumably  pro- 
tease-resistant,  ligand-receptor  event.  However,  the  saturation 
experiments  suggest  that  there  may  also  be  a  nonspecific  bind¬ 
ing  component  involved  in  bclA  spore  binding  to  BEC. 

In  contrast,  when  Ames  spores  were  treated  with  trypsin,  we 
noted  a  significant  increase  in  binding  of  trypsin-treated  spores 
to  the  BEC  (Fig.  3).  However,  the  specific  effect  trypsin  or 
papain  had  on  the  wild-type  spores  to  cause  this  increased 
adherence  is  unknown  to  date.  In  binding  assays,  the  adher¬ 
ence  of  Ames  spores  to  BEC  could  be  saturated  with  increas¬ 
ing  concentrations  (Fig.  4).  Furthermore,  in  competition  ex¬ 
periments,  the  adherence  of  live  Ames  spores  to  BEC  was 
readily  dependent  upon  the  dose  of  competing  irradiated 
spores  (Table  1).  This  inhibition  was  more  pronounced  than 
that  observed  with  the  bclA  mutant  spores.  Despite  the  overall 
low  number  of  Ames  wild-type  spores  that  bound  to  BEC  in 
contrast  to  the  binding  of  bclA  mutant  spores,  these  results 
suggest  that  Ames  spores  were  binding  to  an  unknown  recep¬ 
tor^)  in  the  BEC.  Perhaps  this  receptor(s)  is  present  at  a 
relatively  low  level  on  the  BEC.  It  has  previously  been  shown 
that  the  interaction  of  other  pathogenic  bacteria  (32)  and  bac¬ 
terial  toxins  (10)  does  occur  with  host  cells  containing  a  low 
density  of  receptors. 

A  second  possibility  would  be  that  the  binding  interaction 
between  Ames  spore  ligand  and  the  BEC  receptor(s)  was 
weak.  In  any  event,  such  binding  experiments  with  B.  anthracis 
spores  are  novel  and  suggest  specific,  receptor-mediated  inter¬ 
actions  that  warrant  further  investigation.  The  identities  of  the 
spore-based  ligand(s)  and  the  cell-surface  receptor(s)  on  eu¬ 
karyotic  cells  represent  obvious  targets  for  focused  attention. 
Such  studies  can  have  an  impact  upon  our  collective  under¬ 
standing  of  B.  anthracis  pathogenesis  as  well  as  lead  to  new 
methods  for  treating  and/or  preventing  anthrax. 

As  per  our  results,  perhaps  removal  of  the  BclA  fibers  fur¬ 
ther  exposes  an  adhesin  that  is  normally  masked  or  sterically 
impinged  by  the  fibers.  This  logic  agrees  with  results  following 
protease  treatment  of  Ames  spores,  suggesting  that  loss  of 
proteins  from  the  exosporium  does  indeed  enhance  spore 
binding  to  BEC.  It  was  recently  demonstrated  that  the  exo¬ 
sporium  structure  may  mask  spore  epitopes  from  the  host 
immune  response  (2). 

We  did  not  detect  significant  differences  between  the  wild- 
type  and  bclA  mutant  spores  in  their  adherence  to,  and  phago¬ 
cytic  uptake  by,  macrophages  (Fig.  6  and  Table  3).  Therefore, 
the  BclA  protein  was  not  required  for  B.  anthracis  spore  ad¬ 
herence  to  macrophages.  These  results  are  surprising  as  the 
fibers  projecting  from  the  exosporium  were  previously  specu¬ 
lated  to  function  in  adherence  and/or  uptake  to  the  host  cells 
(20).  For  anthrax  infection,  the  macrophage  is  considered  the 
primary  host  cell  that  transports  B.  anthracis  spores  from  an 
entry  site  into  the  host’s  lymphatic  system.  From  this  point, 
spores  germinate  and  lead  to  a  disseminated  infection  (16,  31). 


Therefore,  it  is  tempting  to  speculate  that  perhaps  one  role  of 
the  BclA  fibers  in  pathogenesis  is  to  inhibit  binding  to  epithe¬ 
lial  cells  and  other  nonprofessional  phagocytes  during  the  ini¬ 
tial  stages  of  infection;  therefore,  the  spores  are  more  readily 
directed  towards  macrophages. 

If  spores  bind  to  cells  lining  the  lung,  transport  by  macro¬ 
phages  could  be  delayed  and  the  progression  of  disease  might 
possibly  be  hampered.  It  has  been  shown  in  several  previous 
studies  that  the  bronchoalveolar  spaces  are  unsuitable  for  B. 
anthracis  spore  germination  (3,  8,  17,  18).  Furthermore,  lung 
epithelial  cells  secrete  antimicrobial  peptides  and  proteins  (19, 
21,  40)  that  could  inactivate  B.  anthracis  cells.  In  a  model 
system  using  human  airway  tissue,  B.  anthracis  spores  are  ei¬ 
ther  killed  by  epithelial  cells  or  phagocytized  by  macrophages 
where  germination  and  subsequent  bacillus  release  occurs 
(28). 

One  of  our  previous  studies  demonstrated  that  spores  lack¬ 
ing  the  BclA  fibers  are  still  as  capable  of  causing  infection  as 
wild-type  spores  by  either  an  intramuscular  or  an  intranasal 
challenge  in  guinea  pigs  or  mice,  respectively  (3).  The  animals 
in  both  infection  models  were  exposed  to  spores  equivalent  to 
approximately  10  50%  lethal  doses.  In  a  spore  trafficking  ex¬ 
periment,  the  bclA  mutant  spores  still  disseminated  from  the 
mouse  lungs  and  were  presumably  transported  by  alveolar 
macrophages.  However,  there  appeared  to  be  a  slight  delay  in 
the  trafficking  of  the  bclA  mutant  spores  compared  to  the 
trafficking  of  the  parental  wild-type  strain.  During  the  natural 
infection  of  a  mammal,  the  number  of  spores  introduced  into 
the  body  from  the  environment  would  presumably  be  much 
lower;  therefore,  directing  spores  to  macrophages  could  be 
critical  for  successful  dissemination  of  B.  anthracis. 

The  focus  of  this  study  was  to  examine  the  interaction  be¬ 
tween  spores  of  B.  anthracis,  with  or  without  the  BclA  fibers, 
and  various  cell  types.  However,  we  did  not  examine  the  in¬ 
teraction  of  vegetative  cells  of  the  Ames  strain  with  these 
mammalian  cells.  Recently,  vegetative  cells  of  the  attenuated 
Sterne  strain  of  B.  anthracis  have  been  shown  to  adhere  and 
are  subsequently  internalized  by  HT1080,  a  connective  tissue 
epithelial  cell,  and  Caco-2  cells  (33).  As  the  Sterne  strain  lacks 
the  pX02  plasmid  containing  genes  for  capsule  synthesis  (14), 
the  interaction  of  encapsulated  B.  anthracis  vegetative  cells 
with  epithelial  cells  remains  to  be  examined. 

In  conclusion,  our  findings  from  this  study  demonstrate  that 
BclA  fibers  of  the  B.  anthracis  spore  decreased  adherence  to 
nonprofessional  phagocytes,  but  the  BclA  fibers  were  not  nec¬ 
essary  for  interacting  with  macrophages.  Binding  of  B.  anthra¬ 
cis  spores  to  BEC  appears  to  be  mediated  through  a  specific 
ligand-receptor  interaction  that  may  provide  important  clues 
towards  more  fully  understanding  anthrax  pathogenesis,  and 
how  to  thwart  it. 
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